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Abstract 
A subject of the authors’ research were the fragments of steel structures (of the puddled steel) coming from the turn of the 19th
and 20th centuries. The material gained for the research comes from monumental (and still operated) Wroclaw bridges and the 
hall of the Main Wroclaw Railway Station. The works were focused on the phenomenon of microstructural degradation of those 
steels and its potential influence on their strength properties. Analysis of the achieved results indicated that those long operated 
steels are a subject for microstructure degradation processes consisting mainly in:  precipitation of carbides and nitrides inside 
ferrite grains, precipitation of carbides at ferrite grain boundaries and degeneration of pearlite areas. The microstructure 
degradation processes negatively influence fatigue properties. The results of low cycle fatigue test for the puddled steel (from the 
Main Railway Station) in the after-operation state indicate for worse plastic properties of that steel in comparison to the 
normalised state. The results of fatigue crack growth test indicate for worsening of fatigue crack propagation resistance of the 
material depending on the degree of degradation processes intensity in the puddled steels. A new kinetic equation has been 
proposed for description of the fatigue of crack growth rate due to the Dimensional Analysis approach. From the utility point of 
view, the achieved results acquire fundamental importance because of the fact of continuous operation of a high number of the 
bridges aged more than 50 years (about 68% for Europe). It is worth noticing that almost 28% of them are objects aged over 100 
years. 
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1. Introduction 
Maintenance of aged objects such as bridges and historic buildings in full usefulness and reliability requires 
precise diagnostic methods and evaluation of their condition frequently departing from procedures adopted in 
normative regulations for the modern technical objects. In case of objects erected at the turn of the 19th and 20th
centuries the diversification of operating conditions, as well as peculiar characteristics of materials used for their 
building require individualized approach in the assessment of their condition. It should be noted that structures 
coming from 19th and 20th centuries have been made of puddled or cast steel. Despite that the old steel grades 
frequently fulfil the basic strength criteria based on static tensile tests, the tendency for brittle cracking of those 
steels implies application of the other criteria of estimation than those set for the modern low-carbon bridge steels. 
In the steels from the turn of the 19th and 20th centuries (more often puddled and effervescing cast steels), the 
tendencies reveal to microstructure degradation processes.  
2. Microstructure and mechanical properties of investigated puddled steel  
For the investigation, two beams (produced in 1899-1904) from construction of the main hall Main Railway 
“Wroclaw Glowny” were delivered. According to the works devoted to microstructural degradation processes in 
steel construction related to mining machinery [1] and authors’ experience [2], [3], all investigations of delivered old 
steel were performed in two states of material; post-operated and after heat treatment – normalisation (950°C, 2 
hours, cooling in air). The normalising state can be comparable (in the absence of reference material) with the 
equilibrium state of the material. Only in this case, it is possible to compare the level and intensity of degradation 
processes with comparison to the post operated state.  In order to identify the type of steel, chemical analysis (C, 
Mn, P, S, Si) was performed using the gravimetric method. A high phosphorus content (chem. comp: 0.06%C, 
0.1%Mn, 0.17%Si, 0.198%P, 0.025%S) indicates that the investigated steel is similar to the 19th century wrought 
iron or (depend of the nomenclature) low carbon puddled steel. These assumptions confirm metallographic 
observations with light microscopy and scanning electron microscopy (Fig.1). 
Fig.1. Microstructure of investigated puddled steel (1899-1904) in (a) post-operated state (light microscopy) – presented nonmetallic 
inclusions typical for puddled steel, (b) post-operated state; ferrite grains with numbers of nonmetal inclusions (A) and degradation separations 
(C) inside ferrite grains and also thick envelope Fe3CIII on the grain boundary (light microscopy, etched 3%HNO3), (c) ferrite grains structure 
with nonmetallic inclusions – mainly silicates (A) and thick envelope of Fe3CIII on the grain boundary (B) with numbers of degradation 
separations brittle phase inside ferrite grains (C), post-operated state SEM, etched 3%HNO3, (d) magnified ferrite grains with degradation 
symptoms; thick enveloper of Fe3CIII (B) and separations inside ferrite grain (C),  post-operated state SEM, etched 3%HNO3, (e) magnified area 
of ferrite grain with brittle separations (C), post-operated state SEM, etched 3%HNO3, (f) microstructure of ferrite grains with nonmetal inclusion 
(A) (after normalisation) with significantly reduced number of degradation symptoms; (B) – remains of the brittle separations on the grain 
boundary, (C) – minor amounts of separations inside ferrite grain, SEM, etched 3%HNO3
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In order to identify the type of non-metallic inclusions, the X-ray energy spectrum was analyzed (this area is 
marked as a black point in Fig. 1c). The results of the analysis  indicate that these inclusions are the multiphase ones  
with a dominating share of silicates and relatively low share of oxygen and phosphorus compounds. Normalising 
caused significant changes in the microstructure of that steel manifesting mainly in the form of significant decrease 
in products of the precipitation processes inside ferrite grains (C), up to their total removal – see Fig. 1f. 
Normalizing caused also a slight reduction in continuous envelopes of cementite at ferrite grain boundaries (B).  
     Table 1. Static tensile test and impact resistance results for puddled steel. 
Mechanical properties: Post operated state Normalised state 
Young modulus in [GPa] 185 179 
Yield Tensile Strength (YTS) in [MPa]  257.6 242 
Ultimate Tensile Streength  (UTS) in [MPa]  
Elongation at fracture A5 [%] 
Reduction in area Z [%] 
Impact resistance test – (+20°C/-40°C) in [J/cm2] 
376 
20.8 
34 
37/15 
340 
22.7 
36.8 
58/27 
The basic mechanical properties are collected in Tab.1 – the presented values are a mean value from five 
specimens. It seems that the microstructural processes correspond to strength properties. These processes strongly 
influence on the impact resistance results’. It is noticeable that the investigated steel has the impact resistance much 
lower than modern low carbon steel (with similar chemical composition) commonly used in steel constructions. This 
observation was also confirmed in previous authors works [2]. 
3. Low cycle fatigue and fatigue crack growth rates results for puddled steel (1899-1904) 
A low cycle fatigue test  (5 round specimen ࢥ12 mm for each test step, controlled total strain amplitude 
Δεt=0.2%, 0.25%, 0.3%, 0.35%, 0.4%, f=0.2Hz) and fatigue crack growth rate test (4 CT specimen; W=48mm, 
t=15mm, R=0.1, ΔK decrasing test and constatnt  force apmlitide test, f=12.5Hz) for the puddled steel were 
performed with accordance to the standards ASTM E606 and ASTM E647.  The stabilized hysteresis loops were 
selected for analysis, corresponding to half of the number of cycles to destruction. Figure 2 presents the graphs of 
fatigue life of specimens in the after-operation and normalised states. These curves are known in the literature as 
Coffin and Manson equation: 
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For the puddled steel in the post-operated steel εf=0.0169, σf=442 MPa, and exponents c=-0.3632 and b=-0.03651. 
For steel after heat treatment these parameters were following; εf=0.01626, σf=378 MPa, c=-0.3165, b=-0.02702. 
The obtained results show much worse cyclical properties of the puddled steel in the after-operating state in 
comparison to the normalised state. The significant change with the transition number of cycled 2Nt (marked dashed 
line in fig. 2). Is noticeable this fact corresponds to the fatigue crack growth results presented in fig. 3. A shift of 
fatigue crack growth curves in direction of higher speeds in the after-operation state is probably caused by the 
presence of microstructural degradation processes. The ΔKth for puddled steel in post-operation state and normalised 
state are different; ΔKth (P)=9.9 ξ݉, ΔKth(N)=13.46ξ݉. As it is expected, the tests in this scope for 
puddled steels were distinguished by higher than usual scatter of statistical data. It could be noticed, that resistance 
of the puddled steel to fatigue crack propagation in the normalised state was each time better. Mathematical 
description (based on Dimensional Analysis approach) with consideration of the microstructural degradation 
processes can be expressed as: equation: 
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In proposed model (2), the quantity A means non-dimensional constant (A=2457 for post-operated state, A=1871 for 
normalized state), KCV means the impact energy value (Charpy test value) in J/cm2, KCV35=minimal required 
energy value (35 J/cm2) for the modern steel, E represents Young modulus in MPa, σpl – yield tensile strength in 
MPa.   
Fig. 2. (a) Coffin-Manson curve for puddled steel in post-operated state, (b) Coffin-Manson curve for puddled steel in normalized state for 
puddled steel 
Fig. 3. (a) Fatigue crack growth curves for investigated puddled steel (state P and N), (b) fatigue crack growth curves; experimental and predicted 
for “undegraded” puddled steel  
4. Summary and conclusion 
The microstructural degradation processes (Fig.1.) strongly influenced all mechanical properties, especially it is 
visible in the results of impact resistance test, low cycle fatigue (Fig.2) properties and fatigue crack growth rate 
(Fig.3). Proposed  model (2) well describes the fatigue crack growth rate for puddled steels in  post-operated and 
normalized state. The essential feature of that model is a fact that the A constant changes in a narrow range in the 
normalized and after-operation states, as opposite to the C constant in the Paris’ model. It is worth underlining that 
due to this combination, the presence of degradation processes with the change in impact resistance of steel, the 
model enables us reconstruction of fatigue cracking kinetics course in the normalized state based on the results of 
impact resistance and fatigue cracking kinetics tests in the after operation state. 
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